Porous materials are important in numerous applications, including photovoltaics, catalysis, sensing, filtration, sorption, thermal insulation, fabrication of lightweight structures and regenerative medicine. [1][2][3][4] [5] [6] [7] Pore sizes can vary many orders of magnitude, ranging from 1-20 Å in zeolites [3], to 5 -30 nm in mesoporous structures, [8] 1 -100 nm in aerogels [9] , and 100 nm -4 mm in macroporous materials.
accessibility of gases and liquids to reactive sites. In regenerative medicine, hierarchical structures with large pores > 300-400µm are required for vascularization of the implanted scaffold, [22] while small pores in the range of 50-100 nm are desired to provide physical cues that promote cell migration, proliferation, differentiation, and ultimately fast healing. [23] Nature has ubiquitous examples of hierarchical structures exhibiting pores spanning from a few nanometers to millimeters in size. This includes for instance the intricate aquiferous system of sea sponges, [24] the elaborate network of multiscale canals and pores in cortical and trabecular bone, [25] and the multiply bifurcated channels in lungs. [26] Such hierarchical porous structures are designed to exert specific biological and mechanical functions, as well as to optimize flow and exchange reactions. Manmade hierarchical porous materials have yet to achieve the level of sophistication and the tailored architecture of their biological counterparts.
Control over the size, shape and spatial distribution of pores of a few nanometers to millimeters in size potentially enables the fabrication of bioinspired artificial materials with hierarchical porous structures exhibiting novel properties and functions. In this context, simple and general methods to prepare materials with well-controlled pore sizes over multiple length scales are highly desired.
While the small pores in zeolites are defined by the crystalline structure of the aluminosilicate minerals and their synthetic counterparts, the larger pores in mesoand macroporous artificial structures are often incorporated in the material through phase separation phenomena [27] or using templating amphiphilic molecules, particles or droplets to direct the assembly of ions/particles and generate pores upon removal of the template. [8, 10, 28, 29] Although the formation of pores smaller than a few microns using molecules and particles as templates is very well established [8, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [30] [31] [32] , most 3D templating methods do not allow for an accurate control over pore sizes larger than 10 µm. Bubbles and droplets are convenient templates to obtain such large pores because they do not require further thermal or chemical processing steps to remove large quantities of templating material. The drawbacks however are that conventional emulsification and foaming methods normally lead to broad size distributions [10, 33] and that droplets and bubbles are prone to coalescence and Ostwald ripening which often requires physical or chemical gelation reactions to fix the structure. [29, 34, 35] Droplet condensation on the surface of polymer solutions is an elegant physical method to produce monodisperse pores of a few microns, [36] but is mostly limited to two dimensional structures and offers little flexibility to tune the pore size.
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We report here a very simple and general method to assemble 3D hierarchical porous structures with tailor-made pore sizes by merely drying complex suspensions containing droplets, colloidal particles and surface active molecules dispersed in a fluid. Given the very different length scales covered by these building blocks, several types of forces are involved in the assembly process, namely gravitational, colloidal and molecular forces. While individual control over such forces is usually very challenging, we show that their combined action can be exploited to assemble building blocks of very different sizes into unique 3D structures. Although the formation of polydisperse porous structures from ultrastable particle-stabilized foams and emulsions containing partially gelled networks has been reported in earlier investigations [37] [38] [39] , we demonstrate that simple drying of less stable surfactant-stabilized systems can lead to surprising and unique porous structures in the absence of any chemical or physical gelation.
To illustrate the approach, we use glass microfluidic devices in co-flow and flow-focusing geometries to form monodisperse oil droplets spanning more than one order of magnitude in size (Figure 1a,b) . The outer fluid consists of an aqueous suspension containing colloidal particles, surface active molecules and possibly inorganic molecular species. The oil droplets formed at the inner capillary tip are stabilized either by the colloidal particles or by the surface active molecules present in the continuous phase, as schematically indicated in Figures 1c and 1d, respectively. As discussed later, the type of stabilization determines the formation of close or interconnected macropores after drying. For particle-stabilized droplets, the adsorption of colloidal particles to the oil-water interface is triggered by the in situ hydrophobization of the surface of the initially hydrophilic particles using conventional surfactants. In a typical experiment, 4×10 -4 mol/L cetyl trimethylammonium bromide (CTAB) is added to the aqueous continuous phase to in situ hydrophobize 110 nm silica particles (15vol%) at a pH of 8. [38, 40] In the case of surfactant-stabilized droplets, CTAB or partially hydrolyzed poly(vinyl alcohol) (PVA) is adsorbed at the oil-water interface while the colloidal particles remain dispersed in the aqueous continuous phase. Unless mentioned otherwise, toluene and octane were used as oil phases in the particle-and surfactant-stabilized systems, respectively.
The well-controlled flow conditions achieved in microfluidic devices enables the preparation of monodisperse droplets at a speed of approximately 120-180 droplets/second. Monodisperse droplets with sizes ranging from 30 to 850 µm were easily prepared by varying mainly the diameter of the collecting capillary tip and the applied flow rates, Q (Figures 1e and 1f ). Droplets were formed under dripping mode in all the experiments. The droplet diameter depends linearly on 1/Q for most of the 4 flow rates applied in a particular flow-focusing device, as shown in Figure 1f . This dependence is in qualitative agreement with the behavior expected from balancing shearing and interfacial forces acting on the droplet surface close to the capillary tip.
[41]
The complex suspensions obtained from the microfluidic devices were stable and could be transferred from the collecting capillary directly onto glass substrates.
The selection of surface active molecules that can efficiently stabilize droplets without interfering the dispersion of the colloidal particles is crucial to avoid droplet coalescence while transferring the suspensions to the substrate. When added in appropriate amounts (see experimental procedure in supporting material), PVA or CTAB fulfilled these criteria. A few seconds after deposition of the suspension on the substrate, droplets creamed to the air-water interface due to the lower specific gravity of the oil phase in comparison to that of water. This buoyant effect led to the formation of curved air-water interfaces between droplets, which ultimately induced their self-assembly into ordered hexagonal arrays (Figures 2a,b and video S1 in supporting material). Droplets stabilized with PVA or CTAB promptly self-assembled into compact structures upon deposition of the complex suspension on glass substrates. In contrast, particle-stabilized droplets were less mobile at the air-water interface, most likely due to weakly attractive interactions between the partially hydrophobic particles. As a result of this lower mobility, droplets stabilized with particles were able to form both ordered and disordered arrays (Figures 2b,c) . For droplets to be fully stabilized by particles, particle concentrations need to be above 20vol%. At lower concentrations, droplets tended to partially coalesce into nonspherical structures. [40] The approach used for droplet stabilization has a direct effect on the It is important to note that in both systems, the vast majority of colloidal particles remain distributed throughout the continuous aqueous phase.
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Drying of these complex suspensions leads to unique hierarchical porous structures. Remarkably, the initial wet structure of droplets and colloidal particles deposited on substrates can be totally preserved upon evaporation of the water and oil immiscible phases for both surfactant-stabilized and particle-stabilized systems.
Three major stages are identified in the drying process. The first and most important stage for preserving the initial structure is the evaporation of the excess liquid from the continuous phase and the formation of a close packing of particles between droplets. This process starts from the edges and propagates in the form of a first drying front towards the center of the deposited complex suspension. The evaporation of excess water from the continuous phase causes extensive jamming of the colloidal particles into compact structures around the oil droplets, as schematically illustrated in Figure 3a for the case of particle-stabilized droplets. At this point, a minimum initial concentration of particles of approximately 10-15vol% is required to ensure jamming throughout the continuous phase and thus avoid droplet coalescence during drying. Particle jamming was indicated by the loss of mobility of the initially Brownian colloidal particles as the first drying front propagated through the structure (region b2 in Figure 3b , and videos S2 and S3 in supporting material).
In the particle-stabilized system, the partially hydrophobic particles exhibited strong
Brownian motion before propagation of the first drying front, indicating that their weakly attractive nature is not sufficient to form a particle network throughout the continuous phase. A wet arrested structure of packed oil droplets and colloidal particles embedded in a continuous aqueous phase is obtained after this first drying stage ( Figure 3a ).
Drying proceeds in the second stage with air invading the network of jammed particles surrounding the oil droplets, causing the continuous aqueous phase to recede and form curved air-water interfaces within the particle pack. [42] This is schematically illustrated in Figure 3a in the form of a second drying front. The curved air-water interface of the receding aqueous phase and the curved oil-water interface of the droplets give rise to a pressure difference ΔP across the particle pack that can be described as follows:
,
6 where γ a/w and γ o/w are the air-water and oil-water interfacial tensions, respectively;
and ρ a/w and ρ o/w are the radii of curvature of the air-water and oil-water interfaces, respectively ( Figure 3a ).
The pressure difference ΔP operates radially throughout the droplet surface and tends to suck the oil phase from the droplets into the continuous phase. Initially, this pressure difference does not cause any fluid flow due to the droplet's symmetry.
As the aqueous phase continues to recede, the thin aqueous film that separates the top surface of the oil droplet from the uppermost air-water interface is ruptured, unbalancing the pressure difference across the droplet surface and ultimately leading to the evacuation of the oil phase from the droplets into the interstices of the surrounding particle pack (Figure 3a ). This phenomenon is thoroughly described in a recent study on drying of model complex suspensions in a confocal microscope. [43] The evacuation process is exemplified in Figure 3b -e for complex suspensions containing particle-stabilized droplets (see also video S2 in the supporting material). As soon as the thin aqueous film between the droplet and the uppermost surface of the suspension is ruptured, the evacuation process is initiated, as indicated with an arrow for one of the droplets in Figure 3c . The same behavior is also observed for complex suspensions containing surfactant-stabilized droplets (see video S3 in the supporting material). Interestingly, the evacuation process is remarkably faster in the surfactant-stabilized system than in the particle-stabilized To gain further insight into the drying process and its effect on the structure of the final porous material, we analyzed the dynamics of the evacuation process for the surfactant-and particle-stabilized emulsions. The pressure-driven flow of the droplet fluid into the interstices of the surrounding particle pack can be described by Darcy's law: [43] € q = Ak η ∇P (2) where q is the volumetric flow rate, k is the permeability of the particle pack, η is the fluid viscosity, ∇P is the pressure gradient across the particle pack and A is the cross-sectional area perpendicular to the flow. 
The fact that the depth h predicted from this equation exhibits the same time dependence as that obtained experimentally (Figure 3f ,g) confirms that the evacuation process is indeed driven by the convective flow of the droplet fluid into the surrounding particle pack.
A comparison between the experimentally determined slopes of the h versus t 1/2 data and the slope obtained from equation (3) provides further information about the particle pack around the droplets and the capillary pressure driving the evacuation process.
To estimate the permeability k in equation (3), we use the Kozeny-Carman equation, , where r p is the particle radius and φ is the volume fraction of particles. Introducing the permeability k into equation (3) and assuming a pressure gradient, (see Figure 3a and supporting material), we predict a slope, s, for the h versus t 1/2 data, as follows: (4) where θ a/w and θ o/w are the contact angles formed by the solid particles at the airwater and oil-water interfaces, respectively ( Figure 3a ).
To compare equation (4) with the experimentally determined slopes of the curves shown in Figure 3g , the parameters R, r p , η and λ were directly assessed in our experiments (see supporting material), while the interfacial tensions γ a/w and γ o/w were estimated based on literature data.
For the PVA-stabilized system, the hydrophilic silica particles dispersed in the continuous phase are expected to be fully wetted by water. Thus, it is reasonable to assume that the contact angles θ a/w and θ o/w equal zero in this case. Based on 8 literature data, [44, 45] values of 30 and 7 mN/m for the air-water (γ a/w ) and oil-water interfacial tensions (γ o/w ), respectively, are good approximations for the PVA concentration and degree of hydrolysis used in our study (2wt% and 88%, respectively). Equation (4) Given the fact that all the other variables in equation (4) exhibit similar values for both surfactant-and the particle-stabilized suspensions, the fourfold slower evacuation observed for the particle-stabilized system is primarily caused by the high contact angle of the hydrophobized silica particles at the air-water and oil-water interfaces. The different contact angles of the silica particles in both systems leads to markedly different pressure difference ΔP across the particle pack around droplets.
Using equation (1), we estimate a pressure drop in the range 60-100 kPa in the particle-stabilized system, as opposed to a pressure drop of approximately 1500 kPa for the surfactant-stabilized system. The magnitude of pressure drop in the particle pack is expected to directly affect the formation of interconnecting windows between the macropores during drying. The depletion of particles observed at the top of In the final stage of drying, the oil and aqueous fluids located within the interstices of the particle pack are evaporated to form random or ordered hierarchical porous structure that perfectly mimics the colloidal architecture of the precursor suspensions (Figure 4a-c) . In addition to a close match between the size of the initial droplets and the size of resulting macropores ( Figure S1 in the supporting material), the porous structures obtained also reflect the initial distribution of colloidal particles and droplets of the original complex suspension. The particle-free regions formed between and on the top surface of surfactant-stabilized droplets (Figure 2d ) lead to open windows in the dry porous structure, whereas the particle-coated droplets from the particle-stabilized systems (Figure 2e ) result in fully closed macropores after drying (Figures 4a and 4b, respectively) . The closely packed colloidal particles between these macropores give rise to nano-sized interstices, establishing a second hierarchy of pores in the structure (inset of Figure 4a ).
Since the formation of porous structures using this approach relies on a physical rather than a chemical process, the method is very general and applicable Monodisperse oil droplets were generated in glass microcapillary devices using the co-flow and flow-focusing geometries shown in Figure 1(a,b) . In these Droplets were produced in the dripping mode 2 by pumping the oil phase through the cylindrical inlet capillary and an aqueous suspension of colloidal particles through the outer square capillary, as indicated in Figure 1 . The inner and outer flow rates used for droplet formation were adjusted in the ranges of 100-500 and 500-36000 µL/min, respectively, using syringe pumps (Harvard apparatus, PHD 2000
Programmable, Holliston, MA, USA). To illustrate the broad range of monodisperse droplets that can be created (Figure 1e ), we used a mixture of 99 wt% 1,6-hexanediol diacrylate and 1 wt% 2-hydroxy-2-methyl-1-phenyl-1-propanone as oil phase. Table I shows the device geometry and the flow conditions applied to obtain the droplet sizes depicted in Figure 1e . The droplet sizes were evaluated from optical images using the software Image J (version 1.42q, National Institutes of Health, USA). Inner flow rate (µL/h) 100 500 100 500 500
Either silica or polystyrene was used as colloidal particles in the aqueous continuous phase. The concentrations of particles, surface active molecules and inorganic molecular species indicated here were all calculated with respect to the water used as outer fluid.
To obtain particle-stabilized droplets, silica particles were in situ hydrophobized to adsorb on the surface of freshly-created oil droplets along the collecting capillary. Partially hydrophobic particles were generated by adsorbing CTAB on the silica surface at pH 8. 3, 4 A concentration of 0.0004 mol/L CTAB in the aqueous phase was sufficient to hydrophobize the surface without leading to extensive particle coagulation in the suspension. The concentration of silica particles in the aqueous phase was varied between 15 and 22 vol%. In a typical experiment, droplets were formed using flow rates of 400 and 4000 µL/h for the inner and outer fluids, respectively. Toluene was used as oil phase in most of the experiments with particle-stabilized droplets. To confirm the adsorption of modified silica particles on the droplet surface, we also used a photosensitive oil mixture consisting of 45 wt% 1,6-hexanediol diacrylate (monomer), 22.5 wt% trimethylolpropane ethoxylate triacrylate (monomer), 7.5 wt% 2-hydroxy-2-methyl-1-phenyl-1-propanone (initiator) and 25 wt% toluene (diluent) as the oil phase during droplet formation. After collection onto a glass substrate, the oil droplets were exposed to a 325 nm ultraviolet lamp for about 3 minutes to polymerize the photosensitive oil mixture.
Surfactant-stabilized droplets were produced using either PVA or CTAB as surface active molecules. Complex suspensions containing PVA-stabilized droplets were prepared using octane as oil phase and a suspension of 1-2wt% PVA and 15vol% silica particles as continuous aqueous phase. Conversely, complex suspensions containing CTAB-stabilized droplets were prepared using octane as oil phase and a mixture of polystyrene particles ( Some of the dried structures were also characterized in a field emission scanning electron microscope (FESEM, Supra 55VP, Carl Zeiss NTS GmbH, Oberkochen,
Germany) after coating the samples with a thin layer of platinum.
Self-assembly of droplets at the air-water interface
Video S1 shows the self-assembly of buoyant oil droplets at the air-water The movie is displayed in real time.
Drying process
Video S2 shows the drying process of a complex suspension containing 120-140 µm silica-stabilized toluene droplets, 110nm silica particles (22vol%) and CTAB (0.0004 mol/L) deposited on a glass substrate. The movie displayed is sped up 2x.
Videos S3 and S4 show the drying process of PVA-stabilized systems (2 and 1wt% PVA, respectively) containing 25vol% SiO 2 particles in the aqueous phase. The isolated droplets in video S3 were used to determine the evacuation kinetics of this system (Figure 3f,g ), whereas video S4 shows evidence of the formation of windows between neighbor droplets during the evacuation process. Videos S3 and S4 are sped up 2x and 3x, respectively.
Analysis of the dynamics of droplet evacuation
To analyze the temporal dynamics of the evacuation of the droplet fluid into the surrounding particle pack during the second stage of drying ( Figure 3a in the manuscript), we derived an expression relating the depth h of the oil phase as a function of time, t. According to Darcy's law, the flow rate of the fluid across the droplet's wall is directly proportional to the pressure gradient across the particle pack surrounding the droplet as follows:
where q is the volumetric flow rate, V is the volume of evacuated fluid, k is the permeability of the particle pack, η is the fluid viscosity, ∇P is the pressure gradient across the distance λ within the particle pack and A is the cross-sectional area perpendicular to the flow.
The volume of evacuated fluid V and the cross-sectional area A can be directly correlated with the depth h through the following equations:
and ,
where R is the droplet radius. In the beginning of the evacuation process (h << R), the volume V and area A can be simplified to and , respectively.
By differentiating the volume to area ratio V/A in the beginning of the process with respect to the depth h, we obtain:
Combining equations (S1) and (S4), we obtain: 
The pressure gradient ∇P is given by ΔP/λ. The pressure drop ΔP is the difference in pressure across the particle pack (Figure 3a ), which can be described as follows: 
The permeability k can be estimated using the Kozeny-Carman relation:
where φ is the volume fraction of particles in the particle pack.
Replacing equation (S11) into equation (S10), we finally obtain: 
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The experimental parameters used to estimate the slope, s, of the kinetic data shown in Figure 3g are listed in Table II . Figure S1 shows the size distribution of initial droplets and resulting macropores obtained for complex suspensions containing octane droplets and 110nm-silica particles (15vol%) dispersed in a 1 wt% PVA aqueous solution.
Size of initial droplets and final macropores
Figure S1: Initial droplet size distribution and final pore size distribution obtained for a PVA-stabilized system containing 15vol% silica particles and 1wt% PVA.
